Abstract-The design and performance of a novel direct current (dc) neutralizer for electric propulsion applications are presented. The neutralizer exploits an E×B discharge to enhance ionization via electron-neutral collisions. Tests are performed with helium, argon, xenon, air, and water vapor as working gases. The I-V characteristics and extraction parameters are measured for both atomic and molecular gases. The maximum partial power efficiency is 4.2 mA/W in argon, 2.7 mA/W in air, and 2 mA/W in water vapor. The typical utilization factor is below 1 and the power consumption is less than 120 W. A semiempirical model is derived to predict the performance of dc plasma cathodes using atomic gas. A comparison with existing plasma cathodes and conventional LaB 6 cathodes is presented, and design optimizations aimed at improving the performance are proposed.
I. INTRODUCTION
E LECTRON sources are a fundamental component of several types of plasma thrusters, such as the gridded ion engine [1] , the Hall effect thruster [2] , and the quad confinement thruster [3] . Electron sources provide primary electrons in order to: 1) initiate and sustain the plasma discharge in the thruster and 2) maintain charge conservation by balancing the current carried by the ejected ion beam. Since these electron sources neutralize the ion beam of a plasma thruster, they are also referred as neutralizers.
Conventional neutralizers exploit thermionic electron emission of a low work function insert material, such as barium oxide (BaO) and lanthanum hexaboride (LaB 6 ). The insert material is typically heated to temperatures higher than 1000 K to trigger substantial emission current densities. LaB 6 hollow cathodes with an emission current density of 20 A/cm 2 at approximately 2000 K have been reported [4] - [6] . These conventional neutralizers rely on the surface properties of the insert material and on the interactions of the insert with plasma and working gas.
Conventional neutralizers are affected by cathode poisoning. This is a chemical reaction between electronegative atoms or molecules and the insert material. The poisoning process causes an increase of the work function of the thermionic emitter. As a consequence, the electron emission is lowered or even quenched. Experimental poisoning characteristics of LaB 6 , which show the thermionic emission degradation as a function of the partial pressure of the poisoning gas and insert temperature, reveal the existence of a critical partial pressure of the poisoning gas [7] , [8] . Above the critical partial pressure, the thermionic emission of the insert decreases. Generally, this critical pressure rises with temperature of the insert material and depends on the electronegative property of the gas. For example, with LaB 6 cathodes, oxygen has a critical pressure of 10 −6 torr at about 1700 K that rises to 10 −4 torr at about 1900 K [8] .
A reduction of electron emission due to carbon contamination has also been observed [9] , [10] . Oshima and Kawai [9] showed that at the temperature in which desorption of oxygen from LaB 6 surface is enhanced, carbon poisoning is increased. The authors explained that carbon poisoning at elevated temperatures, above 1800 K in their tests, may be due to diffusion of carbon impurities from the bulk of the insert to its surface. At lower temperatures, below 1300 K, carbon poisoning was due to the adsorption of carbon on the insert surface, similar to the oxygen poisoning process.
One of the main research lines in the electric propulsion field is dedicated to identify possible alternative propellants (other than xenon) for electric propulsion (EP) systems. However, cathode poisoning may be a limiting factor for many atomic and molecular propellants that could otherwise be considered for future EP systems. Alternative propellants may include molecular gases, such as water vapor, air, and compounds containing carbon. The main advantages of using alternative propellants are: 1) potential advantages in terms of cost, supply chain, and availability; 2) the same propellant can be used for on-board chemical and electrical propulsion systems; 3) new mission scenarios can be enabled, such as airbreathing orbit and in situ propellant harvesting on different planets; and 4) the system-level benefit of having the same propellant for electric and chemical propulsion can lead to cost, mass, or volume savings on the spacecraft.
These two factors, insert poisoning of conventional neutralizers and growing interest in other propellants for plasma thrusters, motivate the design of novel neutralizers as alternatives to the hollow cathodes. Both LaB 6 and BaO cathodes are high performing in terms of power efficiency and gas utilization if noble gases are used. However, the cathode poisoning precludes their use with some of the alternative propellants.
Plasma cathodes have been considered as a potential replacement to conventional hollow cathodes. A plasma cathode does not rely on a thermionic emissive material and, instead, relies on ionization and electron generation in the bulk plasma [11] . Depending on the type of discharge, plasma cathodes can be grouped in radio-frequency cathodes, capacitively coupled plasma [12] and inductively couple plasma [13] , [14] , microwave cathodes [15] , [16] , electron cyclotron resonance cathodes [17] , helicon cathodes [18] , and direct current (dc) cathodes [19] .
In this paper, a novel dc neutralizer, which exploits an E × B region for ionization enhancement, is presented. Since the main ionization mechanism is driven by a Hall current, the neutralizer was named dc Hall effect neutralizer (dc-HallEN). This dc plasma cathode has been designed and tested at the Surrey Space Centre, University of Surrey, Guildford, U.K. The neutralizer was characterized using atomic propellants, such as He, Ar, Kr, and Xe, and molecular compounds, such as water vapor and air.
In this paper, experimental characterization of the neutralizer is presented with and without electron extraction to an external anode. The results are shown for He, Ar, Xe, air, and water vapor. This paper is structured as follows. In Section II, the design of the neutralizer, the experimental setup, and the performance parameters is presented. The results of characterization of the neutralizer with and without electron extraction are provided in Section III. A semiempirical performance model of a dc cathode working with atomic gases is introduced at the beginning of Section IV. At the end of this section, the performance metrics of the dc-HallEN are compared with those of existing neutralizers.
II. EXPERIMENTAL SETUP

A. DC Hall Effect Neutralizer
A cross section and a 3-D view of the neutralizer design are shown in Fig. 1 . The neutralizer is an axisymmetric device, where the main components are a ring cathode, an internal anode, an extraction plate, two ceramic walls, two axially polarized ring magnets, a magnetic core, and various supports. The cathode is made of stainless steel and has a "C" cross section, where an internal cavity is used to diffuse the working gas throughout the annular volume. This cavity is connected to a feed gas system through a 1/4 in pipe. The gas is fed inside the discharge chamber through eight equally spaced orifices bored in the inner surface of the ring cathode. The area of the cathode exposed to the plasma is about 18.8 cm 2 . The internal anode is a copper rod of 2 mm in diameter and extends axially about 44 mm inside the neutralizer. The extraction plate is made of aluminum. An extraction orifice is machined at the center of this plate. Two ceramic walls made of boron nitride are placed in the lower and the top side of the discharge chamber. The samarium cobalt ring magnets and the magnetic core form the magnetic circuit of the neutralizer. The support of the ring magnets and the support of the neutralizer are made of copper. The cathode and the internal anode are electrically insulated from the surrounding metal parts.
The neutralizer is designed to exploit a closed electron E×B drift [20] . The drift velocity is defined by
where E is the radial electric field and B is the quasi-axial magnetic flux density. As shown in Fig. 2 , the radial electric field and the axial magnetic field form an E×B region within the gap between the ceramic walls. As shown in Fig. 3 , in this channel, the peak magnetic flux density is slightly above 700 G. The ceramic channel and the magnetic flux density are dimensioned so that the following relations hold [21] , [22] :
where λ iz is the ionization mean free path, L is the radial length of the ceramic channel, r L ,e is the Larmor radius of electrons, w is the axial thickness of the ceramic channel, ω c,e is the gyrofrequency of electrons, and τ e is the electron-neutral collision period. The strength of the magnetic field was tuned so that the ions are unmagnetized while electrons are trapped in the E × B region before being collected by the internal anode or extracted from the neutralizer. The intensity of the magnetic field increases the residence time of the electrons inside the ceramic channel, thus enhancing the probability of ionization events in that region. Along the axis of symmetry, the magnetic field has a null value, maintaining a low resistance path for electrons to the extraction orifice.
The extraction orifice is dimensioned according to the theory of electron extraction from a plasma source covered in [11] and [24] . From this theory, it is anticipated that the most stable extraction would be achieved with an orifice of 1.8 mm diameter and a neutral pressure of 0.3 torr inside the neutralizer.
B. Experimental Equipment
The experiments have been performed in Hermes vacuum chamber at the Surrey Electric Propulsion Laboratory. The pumping system, comprised of an oil diffusion pump, has a capacity of about 2000 L/s and throughput of about 4 torr-L/s. The laboratory equipment consists of two power supplies, a Glassman High Voltage Inc., model EQ50R24 (5000 V and 240 mA) and a Sorensen DCS300-4E (300 V and 4 A), an RS thermocouple reader model 615-8212, a Bronkhorst EL-FLOW Select model F-201CV mass flow controller, a bespoke water vapor feed system, and, in some tests, a variable resistor (0-100 ) connected in series to the internal anode. Two thermocouples are used to measure the temperature of the annular cathode and the annular magnet close to the extraction plate.
For the tests with water vapor, a low pressure gaseous feed system was designed. The feed system consists of a vessel made of glass for vacuum applications, which contained liquid water, a pressure gauge to monitor the vapor pressure inside the vessel, and a temperature control unit to maintain the liquid water temperature constant during tests. The system exploits natural evaporation of water at low pressures and at a temperature slightly cooler than ambient. The vessel is connected to the neutralizer through a pipeline. The vessel and the pressure gauge can be isolated from the vacuum chamber with valves. The temperature control unit consists of Peltier electrothermal coolers and resistive heaters. The temperature is kept within the range 10°C-15°C, giving a vapor pressure of 9.2-12.8 torr. The temperature is monitored with a K-type thermocouple attached to the liquid water vessel. The vessel is the coldest point of the entire system in order to avoid condensation along the pipeline leading to the cathode.
The water vapor mass flow rate is determined by measuring the volume of water evaporated through time at constant vessel temperature and pressure. For the results presented in this paper, the estimated water vapor mass flow rate is 0.22 ± 0.02 mg/s (approximately 16.5 SCCM).
The neutralizer is supported by a copper pillar with an embedded water cooling system. The external collector consists of a copper hollow cylinder of internal diameter of 7.6 cm and axial length of 10 cm. The collector is placed coaxially in front of the neutralizer. This layout avoids backscattering of neutrals exiting the neutralizer.
A schematic of the electrical connections is shown in Fig. 4 . The cathode is connected to the negative output of a power supply (5000 V and 240 mA), which is controlled in current limited mode during tests. The collector is connected to a second power supply (300 V and 4 A) and positively biased relative to the ground. The anode and the extraction plate are connected to the chamber walls, which is the electrical ground of the power supplies. The extracted current is measured by a multimeter placed in series between the collector and the second power supply. The current and voltage of the cathode are reported based on the display reading of the 5000-V power supply with a voltage resolution of 10 V.
In order to operate the neutralizer, the gas is introduced through the cathode. The cathode voltage is incrementally set at high negative values until a breakdown event occurs. Ions are collected at the ring cathode, while some electrons are trapped in the E × B region. Within the channel volume, further electron-neutral collisions enhance the probability of ionization events. Then, most of the electrons are either collected on the internal anode or extracted through the extraction orifice, reaching the external collector, while a small number of electrons are likely lost on the extraction plate. 
C. Performance Parameters
The neutralizer is tested in two conditions: without and with electron extraction. At the condition without extraction, the external collector is not powered, electrons are collected on the internal anode, and the I -V characteristic of the neutralizer is recorded. At the condition with extraction, the external collector is powered in voltage limited mode and the electrons are mainly collected on the external anode or the extraction plate. During extraction tests, four performance parameters have been calculated: the extraction parameter α, the partial power efficiency H p , the total power efficiency H t , and the gas utilization factor U . These parameters are defined as follows:
where I D is the discharge current, I extr is the extracted electron current, P D = I D V D is the discharge power, V D is the discharge voltage, P extr is the power measured at the external collector,ṁ g is the gas flow rate in standard cubic centimeters per minute (SCCM), and C = 0.07174 A/SCCM is a constant. This constant is the equivalent current per SCCM of atomic gas that can be produced, assuming all atoms are subjected to single ionization [25] . The gas utilization factor represents the number of ionization-neutralization cycles a neutral particle undergoes before escaping the neutralizer.
It is important to note that the extraction power P extr depends on the geometry of the collector and on the distance between the neutralizer and the collector. Therefore, the use of the partial power efficiency H p is more appropriate than the total one for comparing the performance of various neutralizes, since it depends only on the discharge condition inside the device.
III. RESULTS
The dc-HallEN has been characterized with He, Ar, Xe, air, and water vapor. Three atomic gases have been chosen to study the influence of mass and ionization energy of an atom on the neutralizer performances.
The I -V characteristics of the neutralizer measured without electron extraction are shown in Fig. 5 . These characteristics have been recorded with both atomic and molecular gases. Fig. 5(a) shows curves for He, Ar, and Xe. The flow rate is 7.5 SCCM except for a second curve of Xe in which the flow rate was 2 SCCM. Generally, the I -V curves of Ar and Xe present a positive slope, and the discharge voltage is higher when using Xe. This feature is due to the balancing of three factors: 1) ionization and excitation cross sections; 2) ion mass; and 3) secondary electron emission, which depends on the gas-surface material interaction. An increase of the flow rate induces a shift of the I -V toward lower discharge voltages, as is shown by the comparison of the two curves of xenon. A typical I -V curve of He has a peak at very low current and a negative slope within the discharge current range 0.04-0.24 A. The abrupt increase of the discharge voltage at very low currents may be due to a transition from a localized ionization in the vicinity of the cathode to a full discharge along the space between the cathode and the anode. After the peak, the voltage decreases with the current. This behavior is opposite to that one observed with Ar and Xe and may be due to a strong influence of the magnetic field on He ions motion. The radial thickness of the strong magnetic field region (700 G) is below 3 mm. In this region, assuming a thermal energy of newborn ions of T i = 0.1 eV, the Larmor radius of xenon ion is about 8.4 mm. At the same conditions, the Larmor radius of He ions is about 3.2 and 5.7 times smaller than Ar and Xe ions, respectively. Therefore, it is thought that the magnetic field has a strong influence on He ions, which may be temporarily trapped in the radial channel and prevented to reach the cathode along straight paths.
The I -V characteristics of air and water vapor are shown in Fig. 5(b) . The flow rates of air and water vapor A second set of experiments have been performed implementing external electron extraction. The curves of the extraction parameter α versus the collector voltage for He, Ar, and Xe are shown in Fig. 6(a) . The data were collected with a gas flow rate of 5 SCCM and at various discharge currents. All the curves exhibit a decrease in slope, suggesting that a saturation may occur at higher voltage values. At a fixed diameter of the extraction orifice, the collector voltage at which the saturation takes place depends on the type of gas, discharge current, and gas flow rate. With xenon, full extraction is achieved at a lower collector voltage than for the other atomic gases. The dependence of the α-V curve on the discharge current is illustrated by a set of three experimental profiles for argon. The α-V curve shifts to higher voltage as the discharge current is increased. Moreover, the profiles at higher currents tend to overlap.
The curves of the extraction parameter α versus the collector voltage for air and water vapor are shown in Fig. 6(c) and (d) . The flow rate of air and water vapor is 3.5 and 16.5 SCCM, respectively. The dependence of the extraction parameter on the discharge current is shown. Generally, using air, an increase of the discharge current corresponds to an increase of the extraction parameter, and the electron extraction reaches saturation within a smaller collector voltage range than in the case of water vapor.
As we can observe in Fig. 6(a) , (c), and (d), an extraction parameter higher than 1 is also recorded. In order to investigate this, the current flowing through the internal anode is compared with the extraction parameter, as shown in Fig. 6(b) . Negative currents correspond to a flow of electrons collected by the internal anode from the plasma. Positive currents correspond to the opposite, where positively charged particles are collected by the internal anode or negatively charged particles are emitted by the internal anode. When the extraction parameter approaches 1, the current collected by the internal anode is null. Moreover, if the extraction parameter is higher than 1, the internal anode current is positive. Since α = I extr /I D , the surplus of electron current collected by the external collector originates from ionization events taking place between the internal anode and the collector, or even outside the neutralizer, between the extraction plate and the collector.
In Fig. 7 , the relation between the partial power efficiency H p and the gas utilization factor U in argon and air is shown. Within a certain range, H p linearly increases with U . As it will be shown in Section IV, for atomic gases, two extraction regions can be identified by examining the H p -U plots.
For all atomic gases tested, the H p -U plots have a pattern as the one shown in Fig. 7, i .e., they have a region with a constant positive slope and a region where H p increases at a fixed maximum utilization factor. The definition of gas utilization factor in (8) is valid for atomic gases, since it considers only single ionization of a monoatomic species. U , as it is defined, loses its physical meaning when applied to molecular gases, where dissociation and ionization of multiple species occur contributing to the overall equivalent current. However, this parameter may be used as a guideline to compare ionization efficiency of molecules relative to atomic gases by assuming ionization of the molecule without any dissociation events. A H p -U plot for air is shown in Fig. 7(b) . A similar plot for water vapor was not possible to record, because the discharge voltage during extraction was not stable.
Some of the performance parameters of the dc-HallEN recorded during the experimental campaign using atomic and molecular gases are listed in Table I . Most of the investigations were performed with Ar as a working gas, where a broad range of discharge parameters were examined. Generally, the maximum partial power efficiency is 2-4 mA/W, the gas utilization factor below 1 and a power needed to operate the neutralizer up to 120 W.
Since water is a compound more complex than air, the energy cost per single ionization event may be higher for water. Electron collisions with molecules cause dissociation, vibrational and rotational excitations, scattering, and ionization. Thus, in molecular gases, it is expected a higher energy cost per single ionization event. At the same time, the power cost depends on collisional cross sections, ion mass, and secondary electron emission of the cathode material.
IV. DISCUSSION
A. Theory on Performance of a DC Plasma Neutralizer Using Atomic Propellant
The partial power efficiency in (6) and the gas utilization factor in (8) can be written as functions of the extraction parameter α
As shown in Fig. 7(a) , the H p -U curve is approximately linear within a certain range and the following relation exists:
where the slope of this linear function is The trend of the H p -U curve can be explained as follows. Generally, the discharge voltage decreases while the extracted current increases. At α < 1, the discharge voltage V D decreases at a rate much lower than the increase rate of the extraction current. In this region, the A parameter defined in (12) is approximately constant. At α = 1, the electron current extracted from the neutralizer reaches its maximum. At this point, the discharge voltage is slightly lower than at α = 0 and it was observed that the rates of the change of V D and I extr reverse, causing the formation of a knee in the plots. At α > 1, the extraction current increases at a lower rate than the decrease rate of the discharge voltage. In this second region, some of the electrons created in the gap between the internal anode and the external collector contribute to the extraction current. The regions of the H p -U curves are schematically shown in Fig. 8(a) . Due to the dependences of H p and U on the discharge voltage, discharge current, and gas flow rate, it is possible to predict the performance of a dc neutralizer that uses atomic gases. Three main cases can be identified.
Case 1: If the discharge voltage V D decreases, it follows that:
(U ) max = constant.
Case 2: If the discharge current I D increases, it follows that:
Case 3: If the gas flow rateṁ g decreases, it follows that:
Case 1 is shown in Fig. 8(b) , and cases 2 and 3 in Fig. 8(c) .
B. Comparison With Other Plasma Cathodes Using Noble Gases
A list of neutralizers for electric propulsion applications and respective performances with atomic gases are listed in Table II . It is possible to note that the novel neutralizer proposed in this paper is lower performing when compared to most of the other plasma cathodes and LaB 6 cathodes. At this stage, the dc-HallEN has a partial power efficiency one order of magnitude lower than LaB 6 cathode. However, if it is compared to plasma cathodes operating at a similar power range, such as the ones in line 2 and 4, the partial power efficiency may be in the same order of magnitude. The gas utilization factor of the dc-HallEN is much lower than the other neutralizers. These results suggest that an optimization of the ionization mechanism is required to improve the performance of this novel neutralizer concept. However, the dc-HallEN relies on electron production in volume rather than from surface. This enables the neutralizer to operate with a wide range of propellants.
V. CONCLUSION
The design and performance of a novel dc neutralizer for electric propulsion application have been presented. The neutralizer consists of an axisymmetric plasma cathode, where a ring cathode surrounds an axial internal anode. A set of permanent magnets produces a quasi-axial magnetic field having peak value of slightly above 700 G. The main ionization mechanism of the neutralizer is a discharge in E × B fields. A closed loop current drift, known as Hall current, increases the residence time of electrons inside a radial ceramic channel, enhancing the probability of ionization events in that region. Due to this ionization mechanism and mode of operation, the neutralizer is named dc-HallEN.
Tests were performed using atomic gases, such as He, Ar, and Xe, and molecular gases, such as air and water vapor. The tests were conducted with and without electron extraction. The I -V characteristics of the dc-HallEN showed that the discharge voltage increases with the discharge current except when using He. The discharge voltage of water vapor was higher than air, likely due to a higher energy cost per ionization when using water vapor.
The ratio of the extracted electron current versus the discharge current was plotted against the voltage of an external collector. At high collector voltages, electrons created during ionizations events between the internal anode and the external collector contributed to the total extracted electron current.
The current flowing through the internal anode was investigated during electron extraction. It was shown that no current flowed through it when the extracted electron current matched with the discharge current.
A semiempirical model for predicting the performance of a dc plasma neutralizer using atomic gases was presented. The model gives a predictive relationship between the partial power efficiency H p and the gas utilization factor U . The influence of gas flow rate, discharge voltage, and discharge current on an H p -U characteristic was explained using this simple model.
The results confirmed that an optimization of the electron production mechanism should be pursued in order to increase the extraction performances of the dc-HallEN. With air, the maximum partial power efficiency and the maximum utilization factor were 2.7 mA/W and 1.1, respectively, when a discharge power of 45-90 W was applied. With water vapor, the maximum partial power efficiency and the maximum utilization factor were 2 mA/W and 0.1, respectively, when a discharge power up to 120 W was applied. Among the atomic gases, the performance with argon was the most investigated. With this gas, the maximum partial power efficiency and the maximum utilization factor were 4.2 mA/W and 0.7, respectively, when a discharge power of 30-90 W was applied.
